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Dependence of the location of the cusp precipitation on the orientation of interplanetary magnetic ﬁeld (IMF)
is investigated using data from the Akebono satellite taken at altitudes of several thousands of km. More than
a hundred cusp precipitation events have been identiﬁed with the low-energy particle detector (LEP) onboard
Akebono. The observed energy spectra of ions precipitating at the cusp are dispersed by the convection motion
of ﬁeld lines. We pay special attention to the location where precipitating ions have the highest energy in the
energy dispersion curve as recorded along the satellite’s path; such location would represent the one nearest
to the foot point of the dayside reconnection line (we here assume that the cusp ion injection is triggered by
the magnetopause reconnection). We study this location as a proxy for the foot point of the reconnection line
and call it “ion entry point” in this paper. Our analysis shows that the location of the “ion entry point” has a
strong dependence on the sign and magnitude of IMF By and Bz . By and Bz have almost orthogonal effects
on the location of the entry point, with the latitudinal displacement linearly related to Bz , and the longitudinal
displacement linearly related to By . We ﬁnd that the Bz dependence of the ion entry point is represented by
a single regression line for entire range of Bz irrespective of its north/south polarity. We also ﬁnd that the By
dependence is larger for positive Bz than for negative Bz . The distribution of ion entry points for positive IMF By
is almost a mirror image of that for negative IMF By with respect to the noon-midnight meridian plane. We discuss
the dependence of the “ion entry point” on the IMF from the viewpoint of where and how the magnetopause
reconnection (merging) occurs for various orientations of IMF.
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1. Introduction
The polar cusp is one of the most interesting regions of
the Earth’s magnetosphere. It is deﬁned as a region of weak
magnetic ﬁeld around a theoretical neutral point formed in
each hemisphere when the Earth’s dipole magnetic ﬁeld is
compressed by the solar wind. Actually, the location of the
polar cusp is not uniquely determined by the solar wind ﬂow
but it also depends on the IMF conditions and on magne-
tospheric convection. Magnetospheric convection is driven
by dayside reconnection and its low-altitude signature starts
from the polar cusp, since the dayside reconnection that oc-
curs on the dayside magnetopause is connected to the polar
cusp by reconnected ﬁeld lines. Through the polar cusp,
magnetosheath plasma is injected along the reconnected
ﬁeld lines, and precipitates into the ionosphere. Injected
plasma affects various phenomena occurring at the iono-
spheric level; for example, it affects ionospheric conduc-
tivity, cusp auroral emission, ﬁeld aligned currents, iono-
spheric plasma heating, etc.
Polar orbiting satellites such as Akebono provide an im-
portant tool to survey the region below the polar cusp, called
the low-altitude cusp, in order to obtain information on
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the dayside reconnection. This is because terrestrial mag-
netic ﬁeld lines on the dayside magnetopause all converge
into the polar cusp and connect to the low-latitude cusp, so
that the information about the processes occurring on the
dayside magnetopause also converges into the low-altitude
cusp.
The low-altitude cusp is known to be located around 12
LT but the study of its location from satellite observations
has some ambiguity because of the ﬁnite extent of the cusp.
Furthermore, its location requires careful statistics since
it is known to vary with IMF orientations. On average,
low-altitude satellite and ground-based observations indi-
cate that the low-altitude cusp has a latitudinal width of 1–2
degrees and extends in longitude from about 10 to 14 MLT
(magnetic local time) (Newell et al., 1989; Aparicio et al.,
1991; Kremser and Rundin, 1990; Karlson et al., 1996).
There has been indication that the latitudinal extent narrows
during southward IMF and widens during northward IMF
(Newell and Meng, 1987).
Recent in situ observations of the polar cusp by Polar
(Chandler et al., 1999; Stubbs et al., 2004; Faruggia et
al., 2004) and Cluster (Twitty et al., 2004) spacecraft have
added new evidence for the IMF control of the cusp location
at high altitudes. Crooker et al. (1987) have reported that
the location of the cusp changes in the azimuthal direction
with IMF By , based on the magnetic ﬁeld observations of
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the dayside magnetopause. However, these observations do
not cover the whole dayside magnetopause, since the day-
side magnetopause is too wide to be completely surveyed
by spacecraft.
On the other hand, the low-altitude observations of
the polar cusp have the advantage that all the informa-
tion about the dayside magnetopause converges into the
low-altitude cusp. However, they also have some disad-
vantages. Firstly, the observation is inﬂuenced by iono-
spheric/magnetospheric convection. The convective motion
of ﬁeld lines disperses the location of precipitating ions as
they drift in the direction of convection, and the degree of
dispersion depends on ion energy. This energy dispersion
structure was reported earlier by Rosenbauer et al. (1975)
and Reiff et al. (1977). This means that the identiﬁcation of
the cusp depends on the ion energy that the particle detector
onboard the satellite looks at. At higher energies, the loca-
tion of the cusp is nearer to the foot of the injection point
(i.e. the foot of the ﬁeld line connected to the reconnec-
tion line), while at lower energies, the location of the cusp
should appear downstream of the injection point in terms
of convection. The direction of ionospheric convection is
known to be controlled by the IMF orientation. In partic-
ular, the ionospheric convection around noon is directed
poleward during southward IMF and equatorward during
northward IMF (cf., e.g., Maezawa, 1976). Direction of
ionospheric convection as a function of IMF By and Bz has
been summarized by Heelis (1984), Cowley et al. (1991),
Lockwood et al. (1995), Ridley et al. (1998), Maynard et al.
(2001), Fuselier et al. (2002), Sandholt and Farrugia (2003),
among others.
Another disadvantage of low altitude observations is the
difﬁculty in distinguishing cusp from other types of ion pre-
cipitation. In this regard, Newell and Meng (1988), Newell
et al. (1991a, 1991b) and Lockwood et al. (1997) classi-
ﬁed dayside precipitation for southward IMF conditions in
detail, based on observations made by the DMSP satellites.
Onsager et al. (1993, 1995) theoretically modeled ion in-
jections triggered by dayside reconnection for the south-
ward IMF and reported that the energy—dispersed struc-
tures in modeled ion precipitation are consistent with the
DMSP satellite observations of cusp ions. Cowley (1982)
and Lockwood et al. (1996) theoretically modeled the mag-
netic slow shock caused by dayside reconnection and noted
that the dayside ion precipitation observed at low altitudes
includes a small amount of magnetospheric ions accelerated
through the slow shock that mix with the main component
of magnetosheath origin.
In the present study, we minimize ambiguities in deter-
mining cusp location from the Akebono observations at
middle-altitudes of several thousands km. Akebono cusp
observations are not conﬁned to the region around noon but
are distributed also in the regions far from the noon, both
on the dawnside and on the duskside. Such a wide distribu-
tion motivated us to do the present study and to be sensitive
about the determination of the location of the cusp precipi-
tation.
Asai et al. (1999), hereafter called Paper 1, investigated
the dependence of cusp-ion latitudinal displacements on
IMF Bz . In Paper 1, the high-energy boundary of ion dis-
persion, called the starting point of cusp precipitation, rep-
resented the point closest to the separatrix of reconnected
magnetic ﬁled lines. In spite of the simple deﬁnition of this
point, a clear latitudinal displacement controlled by IMF
Bz was obtained for a wide range of the Bz component, in-
cluding the cases of northward IMF orientations. It was
found that thus deﬁned starting latitude of cusp precipita-
tion is correlated almost linearly with IMF Bz regardless of
its sign, and that the solar wind velocity (Vsw) weakly af-
fects its latitude.
In the present paper, we elaborate on the IMF dependence
of the cusp location including the inﬂuence of IMF By .
IMF By and Bz are important for the dayside reconnection
because these components are tangent to the surface of the
dayside magnetopause. We discuss the dislocation of the
cusp and the changes in the convection direction owing to
the magnetopause reconnection from our results.
2. Data Analysis
In this paper we deﬁne the “ion entry point” for cusp ion
precipitation from the plasma data collected by the Japanese
polar-orbiting satellite, Akebono. Akebono was launched
on February 22, 1989, into the semi-polar orbit with the
apogee of 10,500 km, the perigee of 270 km, and the in-
clination of 75◦. The present apogee altitude is lower than
8,000 km while the perigee altitude remains the same as the
initial one.
2.1 Database
Our data set consists of measurements taken in the years
1989–1993 with the low energy charged particle detectors
(LEP) and the electric ﬁeld detectors (EFD) onboard Ake-
bono. The time resolution of these data is 8 sec (one spin pe-
riod). The energy coverage of the LEP is from 10 eV to 16
keV for electrons and from 13 eV/Q to 20 keV/Q for ions.
The LEP data are limited in the latitudinal coverage, i.e.,
they are taken only poleward of ±60◦ invariant latitude. In
this paper, the position of the satellite (its latitude and mag-
netic local time) is represented in corrected geomagnetic co-
ordinates (Hakura, 1965). Calibrated LEP data are available
in the form of differential energy ﬂux [eV/cm2/sr/sec/eV]
for 29 energy channels divided logarithmically and for 18
pitch-angle channels in the range of 0–180◦. The EFD mea-
sures 2-dimensional electric ﬁeld with two sets of double
probes in the GSM Y -Z plain, which is perpendicular to
the spin axis of the satellite. The calibrated EFD data are
available in the form of the Cartesian three components in
GSM coordinates. The GSM-X component is derived under
the assumption that there exists no electric ﬁeld component
parallel to the ambient magnetic ﬁeld. E × B convection
velocities at the altitude of 120 km are calculated from the
electric ﬁeld data using the IGRF 1985 model for the ﬁeld
line projection. The details of the LEP and EFD instru-
ments are given in Mukai et al. (1990) and Hayakawa et al.
(1990), respectively. For IMF and solar wind parameters,
we use hourly values from IMP 8 distributed by NSSDC.
2.2 Deﬁnition of “ion entry point”
Cusp ion precipitation detected by a low- or middle-
altitude satellite shows distinguishing features such as
energy-dispersion structures caused by magnetospheric
(ionospheric) convection. This kind of energy dispersion
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structures can be observed by a satellite whose orbit is at
an oblique angle to the convection direction. Such a dis-
persion structure often appears as latitudinal dispersion in
which the energy of ions decreases poleward under pole-
ward ionospheric convection. Poleward convection at noon
is a part of the two-cell convection pattern typically appear-
ing during southward IMF. Rosenbauer et al. (1975) have
reported this energy dispersion (they called this type of pre-
cipitation “mantle”) and Reiff et al. (1977) calculated the
distance of the ion source from the energy dispersion curve
from satellite observations made at altitudes of about 1,300
km. Woch and Lundin (1992) have reported energy disper-
sions observed by the Viking spacecraft.
Figure 1 is a schematic diagram illustrating the “ion entry
point” that we deﬁne in this paper from the data of cusp ion
precipitation. Injected ions from the dayside polar cusp are
dispersed by magnetospheric convection. Convection oc-
curs perpendicular to the ﬁeld lines, and the convection ve-
locity, Vc = Ec × B / B2, is common to all the precipitating
ions (and electrons). However, at the ionospheric altitudes,
ions with higher energies are found close to the foot of the
injection point because of their shorter travel time along the
ﬁeld line, while ions with lower energies are observed far-
ther from the injection point because of their longer travel
time, during which ions are convected perpendicular to the
ﬁeld line. Such an energy dispersion structure of injected
ions should always be seen except when the convection ve-
locity vanishes or when it is exactly perpendicular to the
satellite path. The “ion entry point” is deﬁned as the loca-
tion where highest energy ions are observed along the satel-
lite path. We consider the magnetic ﬁeld lines threading the
“ion entry point” to represent the ﬁeld lines nearest to the
foot of the reconnection line, where the ions are injected
into the magnetosphere). In other words, the ion entry point
marks the most recently reconnected ﬁeld lines encountered
along the satellite path.
We show four representative cases of the cusp ion en-
ergy dispersion for four different IMF conditions in Figs. 2–














Fig. 1. Deﬁnition of “ion entry point” from observation of cusp ion
precipitation. The ion entry point is the location where highest energy
ions precipitate in the energy dispersion structure of ion precipitation.
for southward and northward IMF conditions, respectively.
Cases 3 and 4 occurred in the northern hemisphere for pos-
itive and negative IMF By conditions, respectively. The ion
entry points can be clearly identiﬁed for each of four cases.
The data in Fig. 2 show the case of southward IMF on
January 31, 1991 (Case 1). The top two color diagrams give
the differential energy ﬂux [eV/cm2/sr/sec/eV] of elec-
trons (upper panel) and ions (lower panel). Shown is the
maximum differential ﬂux among six pitch angle bins from
0◦ to 180◦. The middle three panels show the integrated
ﬂux, average energy, and density of downward precipitat-
ing electrons (blue) and ions (green), corresponding to pitch
angles of 90–180 in the southern hemisphere. The bottom
panels show the three electric-ﬁeld components obtained by
the double probes. The blue vectors overlaid on the Ey plot
indicate E × B convection velocities at an altitude of 120
km projected along the ﬁeld lines; Vx is positive upward
(sunward) and Vy is positive toward left (duskward). The
same vectors are plotted along the Akebono orbit projected
onto the ionosphere at the bottom of the ﬁgure. Akebono
traveled poleward near geomagnetic noon in the southern
polar region. It encountered the cusp precipitation at lati-
tudes of 72–76◦ in the corrected geomagnetic coordinates
at 0738–0745 UT. The ion energy was highest at the lat-
itude of about 72◦ and decreased with increasing latitude.
This ﬂux peak occurred a small distance away from the lo-
cation of the energy peak. In addition, we note that the
plasma convection obtained from the electric ﬁeld was di-
rected poleward for the corresponding time interval, and the
satellite trajectory was almost parallel to the convection di-
rection. The hourly values of solar wind parameters were:
ion temperature 45,300 K, density 20.4 /cc, velocity 373
km/s, and IMF vector components Bx , By , and Bz , −5.9,
−3.7, and −8.0 nT, respectively. It is known that during
periods of such a strong southward IMF, a two-cell type
convection pattern usually occurs in the polar region, which
is consistent with the observed poleward convection near
noon. The existence of ion precipitation having a latitudinal
energy dispersion within the region of poleward convection
is a typical signature for a strong southward IMF.
Figure 3 shows the case of northward IMF on October 5,
1989 (Case 2). A cusp precipitation event was encountered
at 0826–0831 UT. The satellite trajectory was similar to
that in Case 1 but the cusp precipitation was located at
latitudes of 79–83◦, signiﬁcantly higher than that in Case
1. The highest energy ion precipitation occurred at the
latitude of about 83◦, with energies decreasing equatorward.
Since this sense of energy dispersion is opposite to that
in Case, 1, it is expected that the convection direction is
also opposite to that in Case 1, which is indeed the case
as seen from the sunward direction of E × B convection
vectors. Sunward convection around noon is consistent
with the 4-cell convection pattern in the polar region, which
is known to appear during the period of strong northward
IMF. The solar wind hourly values for this period were: ion
temperature 22,000 K, density 6.9 /cc, velocity 367 km/s,
and IMF vector (3.5, −3.0, 4.3) nT. The existence of ion
precipitation having a reverse latitudinal energy dispersion
within the region of equatorward convection is a typical
signature for a strong northward IMF.



















































































SW  4.5E+04K  20.4/cc  373.0km/s IMF( -5.9  -3.7  -8.0)nT Kp=3+ [111]
Ver. lep_imf6f_down56b91
    6
    7
    8
    9



















    1
    2
    3
    4
















   -2
   -1
    0







































































    0
   20









    0
   20
















    0
   20















(eV/cm^2 sr s eV)






Fig. 2. An example of a cusp ion precipitation event observed in the southern hemisphere for the case of southward IMF on January 31, 1991 (Case 1).
The Akebono trajectory is directed poleward near noon. A typical cusp ion precipitation with a clear energy dispersion is recorded, with the highest
energy ions precipitating at latitude 72 and energies decreasing poleward. The automatically determined cusp precipitation interval for this case is
0737:56–0744:44 UT.
Figures 4 and 5 show, respectively, the data obtained dur-
ing the period of positive IMF By on July 25, 1991 (Case
3) and during the period of negative IMF By on August 6,
1991 (Case 4). In both cases, Akebono traveled in the day-
side northern polar region from dawnside toward duskside.
Hourly solar wind values for Case 3 were: ion temperature
21,100 K, density 7.8 /cc, velocity 444 km/s, and IMF vec-
tor (2.6, −7.2, 1.4) nT. Hourly solar wind values for Case
4 were: ion temperature 86,700 K, density 10.2 /cc, veloc-
ity 490 km/s, and IMF vector (−1.6, 7.7, 3.7) nT. Note
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Fig. 3. The same as Fig. 2, but for the northward IMF case on October 5, 1989, observed in the southern hemisphere (Case 2). The satellite trajectory
is almost the same as Case 1, but the data show cusp ion precipitation with clear energy dispersion with energies decreasing equatorward. The
automatically determined cusp interval is 0825:40–0830:44 UT.
that there is a large difference in the IMF By component be-
tween these two cases. Cusp ion precipitation in Case 3 was
observed in the latitudinal range of 78–80◦and in the local
time range of 10.4–12.2 MLT (2252–2259 UT). Cusp ion
precipitation in Case 4 was observed in the latitudinal range
of 76–78◦ and in the local time range of 12.9–13.9 MLT
(2242–2251 UT). In both cases, ion precipitation shows
a clear energy dispersion structure along the satellite path
which is nearly aligned with the east-west direction. How-
ever, the sense of energy dispersion is opposite and looks
like mirror images of each other. E × B convection esti-
mated from the electric ﬁeld data agrees with the direction
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Fig. 4. The same as Fig. 2, but observed in the northern hemisphere for the case of dawnward IMF on July 25, 1991 (Case 3). The satellite trajectory
is directed duskward on the dayside. The data show cusp ion precipitation with a clear energy dispersion with energies decreasing duskward. The
automatically determined cusp interval is 2251:56–2258:20 UT.
of convection suggested by the ion energy dispersion struc-
ture in each case. The occurrence of ion precipitation hav-
ing an energy dispersion within the region of east-west con-
vection is a typical signature for strong IMF By periods.
The mainly east-west direction of convection around noon
is consistent with the three-cell convection pattern observed
for the periods of large IMF By .
Cases 1 to 4 show that the ion energy dispersion structure
can be understood as a spatial structure controlled by IMF.
The direction of ion convection around noon strongly de-
pends on the sign of IMF By and Bz components. Cusp pre-
cipitation is dispersed over a few degrees of latitude or over
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Fig. 5. The same as Fig. 4, but for the case of duskward IMF on August 6, 1991 (Case 4). The satellite trajectory is directed duskward on the dayside.
The data show cusp ion precipitation with a clear energy dispersion with energies decreasing dawnward. The automatically determined cusp interval
is 2244:28–2251:16 UT.
a few hours of local time in the direction controlled by the
signs of IMF By and Bz . This dispersion effect makes it dif-
ﬁcult to study the location of the foot of the injection point.
Therefore, it would be interesting if we have a more accu-
rate estimation of the foot point of the reconnection line.
For this purpose, we determined the location of the ion en-
try point introduced earlier in this section for Cases 1 to 4.
It was located at (−72.4, 12.3) in Case 1, at (−82.3, 12.2)
in Case 2, at (78.4, 10.4) in Case 3, and at (76.4, 13.9) in
Case 4, as expressed in the latitude-local time coordinates.
Comparing cases 1 and 2, we can see a clear dependence of
the latitude of the ion entry point on IMF Bz . On the other
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PASS 91013107 
0737 UT ~ 0744 UT 
 
Fig. 6. The 8-sec ion spectrograms for Case 1 (Fig. 2) taken at 0737–0744 UT. Horizontal axis represents pitch-angle (180◦–0◦) of ions in each box.
(Ions going upward correspond to 180◦ and ions going upward correspond to 0◦ because of the southern hemisphere).
Table 1. Automatically determined temporal and spatial (latitude, magnetic local time) ranges of the ion precipitation event, and the determined position
of “ion entry point” for Cases 1–4.
Date IMF Event start Event end “Ion entry point”
UT LAT MLT UT LAT MLT LAT MLT
1 910131 Bz− 0737:56 −75.89 12.39 0744:44 −72.35 12.25 −72.43 12.25
2 891005 Bz+ 0825:40 −83.25 12.24 0830:44 −79.32 11.98 −83.25 12.24
3 910725 By− 2251:56 80.23 12.22 2258:20 78.36 10.42 78.36 10.42
4 910806 By+ 2244:28 78.21 12.92 2251:16 76.27 13.95 76.36 13.91
LAT vs IMF Bz
y = 0.7436x + 77.223
R2 = 0.7064
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y = 0.0203x + 79.496
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IMF Bz > 0 IMF Bz < 0
Fig. 7. The IMF dependence of the latitude (LAT) of the ion entry point. The left panel shows the latitude versus IMF By plot. Green points are for the
cases of positive Bz and pink points are for the cases of negative Bz . The right panel shows the latitude versus IMF Bz plot. Blue points are for the
cases of positive By and red points are for the cases of negative By . The colored lines show the regression lines for each IMF polarity.
hand, comparing cases 3 and 4, we see a clear dependence
of the local time of the ion entry point on IMF By . In the
following sections we will investigate the dependence of the
location of the ion entry point on the IMF statistically using
a large volume of data set obtained by Akebono.
2.3 Cusp event selection
The statistics of cusp-ion precipitation derive from more
than 3,000 orbits of Akebono observations from 1989–
1993, for which hourly IMF data were available. We be-
lieve that hourly values are appropriate for our correlational
study because IMF effects on the magnetosphere require a
ﬁnite time (of the order of tens of minutes) to establish itself
in the form of convection. We excluded from our statistics
the cases where either Bz or By changed sign from the pre-
vious hour in order to make our statistics more reliable.
Cusp precipitation intervals are automatically selected by
a computer program according to the following criteria: (1)
The average energy of precipitating ions does not exceed 3
keV, (2) The average energy of precipitating electrons does
not exceed 300 eV, (3) The number ﬂux of precipitating ions
exceeds 1× 107 /cm2/sr/sec, (4) The number ﬂux of precip-
itating electrons exceeds 3 × 107 /cm2/sr/sec. The ﬁrst two
criteria are for selecting precipitation events for which both
electron and ion energies do not exceed the typical ranges of
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MLT vs IMF Bz
y = 0.0178x + 12.534
R2 = 0.0029
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IMF Bz > 0 IMF Bz < 0
Fig. 8. Dependence of the magnetic local time (MLT) of the ion entry point on IMF, given in the same format as Fig. 7.
Vc-pole vs IMF Bz
y = -0.0488x + 0.1479
R2 = 0.3635





















IMF By > 0 IMF By < 0
Vc-east vs IMF By
y = -0.1201x + 0.3005
R2 = 0.6796





















IMF Bz > 0 IMF Bz < 0
Fig. 9. The IMF dependence of the convection ﬂow vectors estimated from the observed electric ﬁeld: the poleward component of the convection
velocity (V p) is plotted against IMF Bz (left) and the eastward components (Ve) is plotted against IMF By (right). The colors have the same
meanings as in Figs. 7 and 8.
the solar wind. These conditions are useful for distinguish-
ing cusp from precipitation of magnetospheric origin. The
latter two conditions are to avoid weak ﬂux events for which
the number of particle counts is close to the background
noise level of the detector. Similar conditions have been im-
posed by Newell and Meng (1987) for identifying the low-
altitude cusp and its neighboring precipitation with DMSP
data. For the present study, ion precipitation event is in-
cluded in the analysis only when the above conditions were
continuously satisﬁed during a period longer than 32 sec.
After a cusp precipitation event was automatically se-
lected with a computer program, we required two additional
criteria to be satisﬁed in order for the event to be included in
the analysis. (5) The precipitation shows a clear ion disper-
sion signature spanning at least one order of magnitude in
energy. (6) The pitch angle-energy dispersion signature is
recognized in 8-sec resolution ion data. Condition (5) is em-
ployed to make the determination of the “ion entry point”
in the energy dispersion curve easier and more reliable. In
order to see the meaning of the condition (6), we show in
Fig. 6 examples of 8-sec pitch angle-energy ion spectro-
grams for Case 1 (for the time interval of 0737–0744 UT).
In each panel, the vertical axis represents ion energy and the
horizontal axis represents ion pitch-angle (180◦ for down-
ward directed ions and 0◦ for upward directed ions). Pan-
els are displayed in the order of increasing time. The pres-
ence of pitch angle-dependent energy dispersion evidences
that the ions have precipitated through magnetic ﬂux tubes
linked to the polar cusp; Burch et al. (1982) explained the
pitch-angle energy dispersion in terms of the time-of-ﬂight
effect along the ﬁeld lines assuming that the cusp ion source
is narrow. Menietti and Burch (1988) calculated the ﬁeld-
aligned distance of the source to be about 10 Re from the
observed point at an altitude of about 20,000 km.
With the above six criteria, we identiﬁed 159 cusp pre-
cipitation events (73 in the southern hemisphere and 86 in
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SOUTH: total 58
Fig. 10. Convection velocity vectors are plotted in such a way that they start from the observed positions of entry points (circles). Data for the northern
hemisphere are shown on the left and data for the southern hemisphere on the right.
the northern hemisphere), and determined the location of
the ion entry point for each event. Note that electron data
were not used to identify the entry point because the energy
range of cusp electron precipitation (about 100 eV on aver-
age) is close to that of photoelectrons (<70 eV). The time
intervals and the spatial ranges of ion precipitation events
as determined by the above criteria for Cases 1–4 are listed
in Table 1.
2.4 Statistics
We investigated the relationship between IMF conditions
(in particular, Y and Z components) and the location of ion
entry point for 159 cusp precipitation events.
Let us start with the latitude (LAT) and magnetic local
time (MLT) of the entry point plotted in Figs. 7 and 8, re-
spectively. The left panel of each ﬁgure shows the latitudes
plotted against IMF By ; the green points are for positive Bz ,
and the pink ones are for negative Bz . The right panels show
the latitudes plotted against IMF Bz ; the blue points are for
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positive By , and red ones are for negative By . The colored
lines represent the linear regression lines for different IMF
conditions.
The comparison of Cases 1 to 4 we made earlier indicated
that the entry point is displaced in the longitudinal direction
by IMF By and in the latitudinal direction by IMF Bz .
Since the longitudinal effect of IMF By in the northern
hemisphere is found to be opposite to that in the southern
hemisphere, the southern and northern hemisphere events
are plotted with the sign of IMF By reversed and the mirror
image of the satellite path is adopted with respect to the
noon-midnight plane for the southern hemisphere events.
Figure 7 clearly shows that there is a clear linear relation-
ship between the latitude of the ion entry point and IMF Bz
(see the right panel) but no relationship for IMF By (see the
left panel). As a mater of fact, the regression lines shown
in the right panel are almost the same for positive and neg-
ative By . We conclude that IMF By component does not
inﬂuence the latitudinal position of the ion entry point.
On the other hand, Fig. 8 shows that the MLT (magnetic
local time) of the ion entry point is related with IMF By ;
the entry point tends to occur at a later local time for more
positive IMF By . Both two panels show that the MLT of the
ion entry point has a weak Bz dependence in such a way that
the dependence on By is larger for northward IMF than for
southward IMF. This effect is addressed in the discussion
section.
Note that the number of events for positive IMF Bz is
less than for negative IMF Bz . We suggest that this is due
to one of our criteria used to select cusp ion precipitation,
i.e. the condition that the energy dispersion should cover
at least one order of magnitude in energy. We found that
a signiﬁcant portion of the cusp ion precipitation events for
northward IMF does not show a clear energy dispersion and
hence does not satisfy this condition.
2.5 Convection with cusp precipitation
Each of Case 1–4 shows clear IMF By and Bz effects on
convection ﬂows accompanied with cusp precipitation. The
direction of convection ﬂows projected onto the 120 km al-
titude level obtained from the electric ﬁeld data is consis-
tent with that predicted from the spatial energy dispersion
of cusp ion precipitation. Figures 9 and 10 show the con-
vection ﬂows averaged over each event obtained from the
8-sec electric ﬁeld data. In Fig. 9, the poleward compo-
nents (Vp) of the convection velocity is plotted against IMF
Bz (left) and the eastward components (Ve) of the convec-
tion velocity is plotted against IMF By (right). The meaning
of colors is the same as Figs. 7 and 8. Figure 10 shows the
same data in the form of the two-dimensional polar coordi-
nate maps; northern hemisphere is shown to the left and the
southern hemisphere is shown to the right. The small cir-
cles indicate the locations of the ion entry points and the at-
tached vectors represent the convection velocity vectors for
the corresponding events. We note that the electric ﬁeld data
were not available for some of the selected events so that the
number of events (137) shown in Figs. 9 and 10 are less than
that shown in Figs. 7 and 8. It is found from these plots that
(1) the convection velocity tends to have a large azimuthal
component, (2) the azimuthal component is almost linearly
related to IMF By , (3) the cases of equatorward convec-
Fig. 11. Schematic diagram showing the difference of magnetic ﬁeld con-
ﬁguration around the polar cusp between the northward and southward
IMF cases. The ion entry point is regarded as the poleward (equator-
ward) edge of the polar cusp during northward (southward) IMF.
tion are few and appear only for strong northward IMF, and
(4) poleward convection is observed for southward IMF and
even for northward IMF in some cases.
3. Discussion
Since the ion entry point is probably associated with the
magnetic foot point of the dayside reconnection line, we ex-
amine the location of the ion entry point and its dependence
on IMF in order to obtain information about the dayside re-
connection sites.
3.1 Latitudinal displacement
The ion entry point is regarded as the point nearest to the
foot point of the separatrix of reconnected ﬁeld lines, so that
its latitudinal displacement is attributed to a property of the
high-latitude reconnection when IMF Bz > 0 and to a prop-
erty of the low-latitude reconnection when Bz < 0. In other
words, the ion entry point for IMF Bz > 0 is expected to
represent the poleward edge of the polar cusp and that for
IMF Bz < 0 is expected to represent its equatorward edge.
This suggestion has been made by Woch and Lundin (1992)
based on Viking observations at altitudes >12,000 km, and
by Basinska et al. (1992) based on DE2 observations at al-
titudes of 500 km. They showed that the energy disper-
sion is due either to poleward or to equatorward convec-
tion. Onsager et al. (2001) have also reported an example
of high-latitude reconnection observed by the Polar space-
craft at the altitude of about 6 Re. This suggestion is illus-
trated in Fig. 11 in which the magnetic ﬁeld lines around
the polar cusp are depicted for northward and southward
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Fig. 12. Schematic diagrams showing the region of the ion entry point (solid areas) and the assumed convection ﬂow direction (white arrows) for
dominantly positive (negative) IMF By in the northern (southern) hemisphere.
Fig. 13. The number of ion entry points as a function of MLT, the upper
panel for northward IMF and the lower panel for southward IMF. For
each panel, black lines show the cases with positive IMF By and grey
lines with negative IMF By .
IMF conditions. The relationship between the latitudinal
position of the ion entry point and convection direction is
easily understood in this ﬁgure. For southward IMF, terres-
trial ﬁeld lines are peeled off from the low-latitude magne-
topause by the reconnection process occurring on the closed
ﬁled lines, so that the ion entry point moves toward lower
latitudes, while the convection is directed poleward. On the
other hand, for northward IMF, high-latitude reconnection
occurs at the position tailward of the cusp so that the high-
latitude ﬁeld lines are peeled off and the ion entry point
moves poleward while the convection is directed equator-
ward. The white arrows in Fig. 11 indicate the direction of
convection.
Results shown in the right panel of Fig. 7 suggest that
the dependence of the the ion entry point on Bz can be
expressed by a single linear regression line irrespective of
the By and Bz signs. The best-ﬁt regression formula for the
distribution of all the 159 points is
L AT [deg] = 0.71Bz[nT] + 76.8. (1)
The correlation coefﬁcient is 0.83. Note that our analysis
is an average over different geomagnetic dipole tilt angles,
and still a high degree of correlation has been obtained.
The linear dependence suggests that the reconnection rate
for the southward and northward IMF is not much different
from each other. The continuity of the distribution of data
points between the northward and southward Bz ranges (see
the right panel of Fig. 7) suggests that there is no wide gap
separating the poleward and equatorward edges of the cusp.
This would imply that the latitudinal width of the cusp is
narrow, but it would be difﬁcult to quantify the result at this
moment.
In Paper 1 we already reported the presence of a good
correlation between the latitude of ion entry point and IMF
Bz . We found that the solar wind velocity weakly but clearly
affects the latitudinal displacement of the ion entry point.
It should be noted that the Vsw effect is not in the form
of the solar wind dynamic pressure but in the form of the
solar wind electric ﬁeld (E = −Vsw × BIMF) which acts
to peel-off the terrestrial ﬁeld lines. The dynamic pressure
of the solar wind, ρV 2sw, directly controls the size of the
magnetosphere but not the cusp latitude (see Sibeck et al.,
1991, and Shue et al., 1997, for statistical analyses). Paper
1 also indicated that latitudinal saturation seems to occur at
about 65◦ and 85◦ for electric ﬁelds exceeding ±5 mV/m.
Newell et al. (1989) reported the IMF effect on the po-
sition of the dayside cusp precipitation on the basis of data
taken by DMSP satellites (at an altitude of 840 km). How-
ever, in Newell’s analysis, the energy dispersed nature of
ion precipitation is not explicitly taken into account in the
analysis of cusp location. They used for their analysis the
position of the “cusp proper” where the number ﬂux of ion
precipitation was highest. They deduced different regres-
sion lines for different polarities of IMF Bz . On the other
hand, our result suggests that the dependence can be ex-
pressed by a single regression line for entire range of IMF
Bz . It is interesting that our regression line for the entire
range of IMF Bz is very close to Newell’s regression line
for southward IMF, i.e., LAT[deg] = 0.76Bz[nT] + 77.0,
but we regard the close similarity to be coincidental. It is
also interesting to note that the correlation coefﬁcient ob-
tained from our analysis is signiﬁcantly higher than that of
Newell (0.70 for the southward IMF) in spite of the fact that
our result includes both southward and northward Bz cases.
In our analysis, we narrowed the ambiguity of the location
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Fig. 14. Magnetic ﬁeld line conﬁguration on the dayside magnetopause as viewed from the sun. Undistorted magnetic ﬁeld lines for the case of no IMF
is shown in the left panel and a ﬁeld line conﬁguration distorted by the presence of duskward IMF (positive By ) is shown in the right panel. The solid
areas indicate the polar cusp, whose magnetic foot print would correspond to the ion entry points shown in Fig. 12.
of the cusp precipitation by introducing the concept of the
ion entry point deﬁned as the high-energy edge of the cusp
ion precipitation. This deﬁnition is based on a theoretical
consideration that it would represent the point closest to the
foot point of the reconnection line along the satellite path.
A high correlation coefﬁcient obtained from our analysis
may suggest that the latitudinal displacement of the ion en-
try point really reﬂects the latitudinal change of the starting
point of reconnection and that our method worked well to
remove the ambiguity due to the energy dispersion effects.
Frey et al. (2002, 2003) referred to the Newell’s result in
the study of cusp proton aurora for southward IMF and not
for northward IMF. Our result suggests that a single rela-
tionship between the cusp position and IMF Bz applies for
both northward and southward polarities.
3.2 Longitudinal displacement
Dayside convection is directed toward the pre-noon
(post-noon) sector when IMF By is positive (negative) in
the northern hemisphere (Heelis, 1984; Gosling et al., 1990;
etc.). Our results shown in Figs. 9 and 10 agree with these
past studies. On the other hand, we found that the ion entry
point deﬁned in our paper shifts in the direction opposite to
the convection direction, as shown in Fig. 8.
Figure 12 schematically shows the probable regions of
the entry point (shaded areas) and the direction of the con-
vection ﬂow (white arrows) for dominantly positive (neg-
ative) IMF By in the northern (southern) hemisphere (after
Basinska et al., 2002). The right and left diagrams represent
the cases for the negative and positive IMF Bz , respectively.
Note that for the other polarity of By , i.e. for the cases of
negative (positive) IMF By in the northern (southern) hemi-
sphere, the whole diagram becomes a mirror image about
the noon meridian of Fig. 12. Our result suggests that the
By dependence of the ion entry point is consistent with the
picture presented in Fig. 12. Our result also suggests that
the ion entry point may be distributed in a longitudinally
wide area, as is consistent with Fig. 12, since there is a large
degree of scatter in magnetic local time plotted as a function
of IMF By in Fig. 8.
We noted earlier that the magnitude of the IMF By effect
on the azimuthal position of the ion entry point is differ-
ent between the southward and northward IMF cases (see
Fig. 8). To clarify this difference, Fig. 13 shows the MLT
distribution of ion entry points for different polarities of
IMF By for northward (upper panel) and southward (lower
panel) IMF conditions. In each panel, black lines are for
positive By and grey lines are for negative By . Colored ver-
tical dashed lines in each panel indicate the average MLT
position of the entry point for each IMF polarities. We can
clearly see that the magnitude of the local-time shift of ion
entry point induced by IMF By is larger for northward Bz
than for southward Bz . In order to discuss the reason for this
tendency, magnetic ﬁeld line conﬁguration on the dayside
magnetopause is schematically shown in Fig. 14, as viewed
from the sun (cf., Crooker et al., 1987; Stasiewicz, 1991;
Fuselier et al., 2003). Undistorted magnetic ﬁeld lines for
the case of no IMF is shown on the left and a ﬁeld line
conﬁguration distorted by the presence of positive IMF By
is shown on the right. The shaded areas in the left panel
indicate the positions whose magnetic foot print would cor-
respond to the region of ion entry point shown in Fig. 12.
(Note that Fig. 12 is for the northern hemisphere.)
The sense of the By-related shift of the polar cusp has
been interpreted in the literature in the following way.
Magnetospheric magnetic ﬁeld lines on the magnetopause
around the polar cusp have diverse directions, so that it
is easy for them to satisfy the anti-parallel ﬁeld condition,
which has been proposed by some researchers to be a neces-
sary condition for magnetic reconnection. When IMF By is
positive, the shadowed areas in the left diagram are a candi-
date for the site of anti-parallel reconnection. In the north-
ern hemisphere, for example, the shadowed area is on the
duskside of the polar cusp, and the magnetic ﬁeld lines on
the duskside are peeled-off, and therefore the ion entry point
moves toward dusk. This movement of the ion entry point is
opposite to the convection direction shown by white arrows
in Fig. 12 (and also shown in the right panel of Fig. 14), and
is consistent with our statistics.
In conclusion, our result on the IMF By dependence of
ion entry point is consistent with the concept of anti-parallel
reconnection. However, we should point out an important
possibility that our result is also consistent with the concept
of component merging. Crooker et al. (1997) studied on
high latitude merging sites during periods of large IMF By
and Crooker et al. (1998) indicated by numerical simulation
that the polar cusp is displaced by IMF By . The right panel
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of Fig. 14 shows the distorted magnetospheric ﬁeld lines on
the magnetopause based on their simulation. The magneto-
spheric magnetic ﬁeld lines are distorted because the IMF
By component penetrates into the magnetosphere as a re-
sult of reconnection. We should point out that the sufﬁcient
condition for this kind of ﬁeld line distortion is that IMF
By penetrates into the magnetosphere, and the condition is
not related to the question of whether the anti-parallel con-
dition or component merging condition is satisﬁed at the
reconnection point. Once the magnetospheric ﬁeld lines are
distorted in the way depicted in the right panel of Fig. 14,
it would be a easy matter to see that the foot point of the
dayside low latitude ﬁeld lines, on which the component
merging is assumed to occur, is also shifted toward dusk
in the northern hemisphere and toward dawn in the south-
ern hemisphere, in a way similar to the case of anti-parallel
reconnection.
The above discussion implies that our results (as well as
other similar results in literature) do not discriminate be-
tween anti-parallel and component merging. We actually
conjecture that reconnection can occur both on the low-
latitude ﬁeld lines and on the cusp ﬁeld lines when IMF
Bz is close to zero. The probability of high-latitude re-
connection would become higher for northward IMF and
the probability of low-latitude reconnection would become
higher for southward IMF. The stronger By dependence of
the MLT position of the ion entry point for northward IMF
would then mean that the By dependence of the position
of the anti-parallel merging site around the cusp is stronger
than the ﬁeld line distortion effect associated with the low-
latitude reconnection. We should also consider the fact that
the low latitude reconnection line for the case of southward
IMF is expected to be extended over a wide range of MLT
so that the local time position of the ion entry point may
have a large scatter, as is consistent with the result shown in
Fig. 8.
4. Summary
From the analysis of ion precipitation events observed by
the Akebono satellite, we have statistically investigated lati-
tudinal and longitudinal displacements of cusp precipitation
controlled by IMF. We introduced the concept of “ion entry
point” which is deﬁned to be the point where the precipita-
tion ion energy was the maximum along the satellite path.
The ion entry point is interpreted to be the point nearest to
the magnetic foot point of the dayside magnetic reconnec-
tion line along the satellite path.
Our analysis showed that the location of the ion entry
point has a strong dependence on the sign and magnitude
of IMF By and Bz . By and Bz have almost orthogonal
effects on the location of the entry point, with the latitudinal
displacement linearly related to Bz , and the longitudinal
displacement linearly related to By . We have found that the
Bz dependence of the ion entry point can be represented by
a single regression line for entire range of Bz irrespective
of its north/south polarity. We have also found that the
By dependence is larger for positive Bz than for negative
Bz . The distribution of ion entry points for positive IMF By
is almost a mirror image of that for negative IMF By with
respect to the noon-midnight meridian plane. We discussed
the dependence of the ion entry point on the IMF from the
viewpoint of where magnetopause reconnection (merging)
occurs on the dayside magnetosphere and how the ﬁeld lines
are distorted by the reconnection process. We conclude
that the observed dependence of the ion entry point on IMF
By is consistent with both the anti-parallel and component
merging models of the dayside reconnection.
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